The O 2 reduction reaction (ORR) catalysed by iron porphyrins with covalently attached pendant guanidine groups is reported. The results show a clear enhancement in the rate and selectivity for the 4e 
Introduction
The factors that affect the rate and selectivity of the catalytic oxygen reduction reaction (ORR) are of fundamental interest as it is an essential process for several energy conversion technologies ranging from fuel cells to metal air batteries. 1 The ORR can proceed either via a 2e À /2H + pathway to produce H 2 O 2 or via a 4e À /4H + pathway to produce water. 2 The latter pathway is favoured both from a thermodynamic point of view 2 and because it avoids partially reduced oxygen species (PROS) such as H 2 O 2 and O 2 À which are very reactive and oen detrimental to the catalyst. 3 Iron porphyrins have been long used to extensively investigate the O 2 reduction process in solution as well as under heterogeneous electrochemical conditions by immobilizing them on electrodes (Fig. 1A) . [4] [5] [6] Erstwhile investigations have revealed that these complexes prefer 2e À /2H + reduction of O 2 resulting in H 2 O 2 .
7
Inspiration for ORR catalyst design can be obtained from nature as the ORR is a key process in cell metabolism. Eukaryotes use molecular oxygen as the terminal electron acceptor in the nal stage of the respiration process where cytochrome c oxidase (CcO) catalyses the reduction of O 2 to H 2 O to drive the oxidative phosphorylation activity. 8 CcO belongs to the heme-Cu oxidase superfamily of enzymes and its active site comprises a bimetallic heme/Cu core and a post transitionally modied Tyr244 residue (Fig. 1B) . 9, 10 The mechanism of the CcO assisted ORR was extensively investigated using its elaborate structural and functional mimics, to design a suitable molecular electrocatalyst. Unlike mononuclear iron porphyrins, these analogues produce minimal PROS and catalyse the electrochemical 4e 14 and the extent of PROS generation increases with a decrease in electron ux from the electrode to the catalyst. 15 The electron ux can be conveniently tuned between 1 and 100 000 s À1 by utilizing self-assembled monolayer covered Au electrodes where the electron tunnelling rate depends on the chain length of the thiol used. 16, 17 Recent reports show that similar selectivity and rates can be obtained by using iron porphyrins bearing both hydrogen bonding and redox active moieties such as ferrocene even under slow electron ux from the electrode.
18,19
Recently surface enhanced resonance Raman spectroscopy coupled to rotating disk electrochemistry (SERRS-RDE) has been utilised for detection of intermediates accumulated when the electrocatalyst is in a steady state. 20 The results reveal that one of the key intermediates produced during the ORR cycle catalysed by iron porphyrins is a low spin Fe III -OOH species.
21
The O-O bond of this species is strong and the step leading to its cleavage is the rate determining step (rds) of the electrochemical ORR for several iron porphyrins and heme/Cu systems. 13, 20, 22 
2,26
In our continued pursuit of understanding the role of the distal superstructure of the porphyrin active site we are drawn to peroxidases. Heme peroxidases are ubiquitous in nature, where they catalyse the oxidation of organic substrates using H 2 O 2 . 28 The presence of basic distal residues such as Arg38 and His42 in the distal site ( Fig. 2A In this manuscript, the electrochemical oxygen reduction activity of a series of guanidine bearing iron porphyrins is investigated under heterogeneous electrochemical conditions in aqueous solvents, along with their initial spectroscopic and theoretical characterisation. These porphyrins vary in their substitution of the guanidine moiety (Fig. 2B) . The results indicate that the inclusion of the guanidine group in the distal environment of a synthetic iron porphyrin enhances the selectivity as well as the rate of the 4e
+ ORR. The rates and selectivity are substantially affected either by inclusion of an axial imidazole ligand or by making the distal pocket more hydrophobic. (Fig. 3A red) , respectively, vs. Ag/AgCl, while that for imidazole bound Fe-MARG is at À221 mV (Fig. 3A blue) (Fig. 3B) . The LSV data show that at the EPG electrode Fe(III)-Cl-MARG reduces O 2 at a potential of À240 mV (Fig. 3B green) . In contrast, on C 8 SH SAM and ImdC 11 SH SAM the complex shows the ORR at a further negative potential of À313 mV (Fig. 3B red) and À368 mV (Fig. 3B blue) (Fig. 2) . The 1 H NMR data of the free ligand of 3 show that the resonances for the methyl CHs of the guanidine group (Fig. 2 , R ¼ methyl) are at 1.35 ppm (Fig. 5A ) and the resonances for the aromatic CHs of the guanidine Ph group (Fig. 2 , R ¼ phenyl) are at 5.8, 6.2, and 6.4 ppm (Fig. 5B) . The 1 H resonances of the guanidine substituents indicate that both methyl and phenyl protons are shielded by the aromatic porphyrin group implying that these groups are poised on top of the porphyrin ring. This ought to make the environment of the distal site of the iron porphyrin more hydrophobic. The PhMARG the same trend is followed with a maximum of 9.20 AE 0.4% PROS on C 16 SH SAM and only 1.80 AE 0.1% PROS on EPG (Fig. S10 , ESI, † Table 1 ). These data clearly indicate that the % PROS released during the ORR decreases as more hydrophobic residues are included in the pendant guanidine group, enhancing the selectivity towards the 4e À /4H + ORR.
MeMARG and PhMARG (details in the ESI †) in CDCl
The presence of methyl and phenyl groups just on top of the porphyrin ring likely creates a hydrophobic environment, which slows the hydrolysis of the hydroperoxide intermediate species (Scheme 1). In nature, the heme in the active site of HRP is bound to the protein via an axial histidine ligand (Fig. 1B) which has an imidazole head group. Fig. S9 and S10 , ESI †). Alternatively, an N-methyl imidazole bound Fe III Cl-MARG (Fe-MARG-N-MeImd) complex is obtained by addition of 5 eq. N-methylimidazole to the solution of the complex and conrmed through the UV titration technique (details in the ESI †). In the absorption spectra, Fe-MARG-N-MeImd shows a Soret band at 413 nm and Q bands at 558 nm and 605 nm with the disappearance of characteristic Q bands (511 nm, 580 nm and 690 nm) of Fe III -Cl-MARG (Fig. 6A) . Fe-MARG-N-MeImd is physiadsorbed over the EPG electrode, C 8 SH-and C 16 SH SAMcovered Au electrodes and its heterogeneous electrochemical ORR is evaluated (Fig. S11 , ESI †). The RRDE experiments show only 1.43 AE 0.2, 3.0 AE 0.5% and 7.0 AE 0.05% (Fig. S12 , ESI, † binding to the iron is the rds of catalysis commensurate with the proposal that the O-O cleavage is no longer the rds for the iron porphyrin with pendant guanidine groups.
Over the last few years we have explored several factors that affect the selective and facile 4e À /4H + ORR using iron porphyrins. These include the "push" effect of thiolate, presence of 2 nd sphere electron transfer and hydrogen bonding effects. 15, 26, 35, 36 Previously the best results were obtained with synthetic mimics of CcO which includes a redox active Cu and phenol (Fig. 8B and  Table 2 row 2). The direct in situ SERRS-RDE results for the system clearly indicated that the rate is determined by the rate of O-O bond cleavage of a LS Fe III -OOH species while the selectivity is determined by the site of protonation i.e. on the distal/proximal oxygen atom of the LS Fe III -OOH intermediate. 20, 21 Although the push effect of a thiolate enhances the pK a of the bound hydroperoxide making the protonation of this species efficient resulting in faster O-O bond cleavage, the protonation is not selective in the distal oxygen atom and substantial H 2 O 2 is released ( Fig. 8A and Table 2 , row 1). 15 In contrast, inclusion of additional electron donor groups does not help the selectivity as the peroxide intermediate is prone to hydrolysis compromising the selectivity (Fig. 8D and Table 2 , row 4). 37, 38 However, when stabilisation of this intermediate via H-bonding or bonding with a distal metal atom is included along with the ET site (e.g. FeFc 4 and FeCu-phenol) there is a distinct improvement in selectivity ( Fig. 8C and Table 2 , row 3; Fig. 8B and Table 2 , row 2).
11, 35 The rate, on the other hand, depends solely on the extent of activation of the O-O bond of the bound peroxide. The activation of the O-O bond can be achieved by a distal metal like Cu (Fig. 8B) . The O-O bond cleavage in heme/Cu systems can be further enhanced by Hbonding to a bridging Fe-O-O-Cu peroxide. 39 The same is most conveniently achieved in mononuclear porphyrins by introducing protonated basic groups that can form H-bonds as well as translocate protons to the distal oxygen of the bound peroxide ( Fig. 8E and Table 2 , row 5). 26 The iron porphyrins discussed here are designed to do the same. Geometry optimized DFT calculations of the putative imidazole bound LS 
Conclusion
In summary, inclusion of pendant guanidine groups in the iron porphyrin architecture, inspired by the Arg38 residue in the distal site of HRP, increases both the rate and selectivity of the electrocatalytic 4e À /4H + oxygen reduction reaction in an aqueous environment. Inclusion of the axial imidazole ligand further enhances the selectivity of the oxygen reduction process producing minimal PROS. Thus, the inclusion of push and pull effects of the HRP active site in synthetic iron porphyrins enhances the rate as well as the selectivity of oxygen reduction substantially. The hydrogen bonding from the pendant guanidine group activates the O-O bond of hydroperoxide species and thus is responsible for the selectivity and rate enhancement observed here. In situ spectroscopy indicates the oxygen binding to iron step as the rds of the ORR process.
Materials and methods
Details of the experimental procedure and materials are included in the ESI. † Fig. 8 Pictorial representation of all the electrocatalysts used in Table 2 . Fc: ferrocene. 
